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Surface Expression of AMPA Receptors
in Hippocampal Neurons Is Regulated
by an NSF-Dependent Mechanism
essential NR1 subunit together with a combination of
NR2 subunits (Hollmann and Heinemann, 1994). Activa-
tion of NMDA receptors is necessary for the induction
of some forms of synaptic plasticity, such as long-term
potentiation (LTP; Bliss and Collingridge, 1993). A sub-
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stantial proportion of AMPA receptors are located withinDepartment of Anatomy
the cytoplasm of neurons (Richmond et al., 1996; Archi-University of Bristol
bald et al., 1998), and it has been proposed that rapidSchool of Medical Sciences
changes in the surface expression of postsynapticUniversity Walk
AMPA receptors are responsible for the expression ofBristol BS8 1TD
LTP (Isaac et al., 1995; Liao et al., 1995).²Department of Medicine
We and others have demonstrated that N-ethylmalei-University of Bristol
mide-sensitive fusion protein (NSF), a well-characterizedMarlborough Street
protein involved in vesicle fusion events and neurotrans-Bristol BS2 8HW
mitter release from the presynaptic terminal (Rothman,³Department of Pharmacological Sciences
1994; SoÈ llner and Rothman, 1994), binds directly andUniversity of Newcastle upon Tyne
specifically to a defined region on the C-terminal domainThe Medical School
of the GluR2 subunit (Nishimune et al., 1998; Osten etFramlington Place
al., 1998; Song et al., 1998). We showed that inhibitionNewcastle upon Tyne NE2 4HH
of this interaction by infusing peptides correspondingUnited Kingdom
to the binding domain of GluR2 (pep2m) or an anti-
NSF antibody from a patch-pipette into the postsynaptic
neuron resulted in a rapid and substantial decrease in
Summary AMPA receptor±mediated synaptic transmission. The
same peptide infused into cultured hippocampal neu-
Here, we show that disruption of N-ethylmaleimide-sen- rons reduced the peak response to local AMPA applica-
sitive fusion protein± (NSF±) GluR2 interaction by infu- tion. A control peptide (pep4c; comprising the corre-
sion into cultured hippocampal neurons of a blocking sponding region of the GluR4c alternative splice variant
peptide (pep2m) caused a rapid decrease in the fre- that does not interact with NSF) or a control anti-NSF
quency but no change in the amplitude of AMPA recep- antibody that does not recognize rat NSF had no effect
tor±mediated miniature excitatory postsynaptic currents (Nishimune et al., 1998).
(mEPSCs). N-methyl-D-aspartate (NMDA) receptor± To gain further insight into the mechanisms by which
mediated mEPSCs were not changed. Viral expression the NSF influences the functional expression of AMPA
of pep2m reduced the surface expression of a-amino- receptors, we have analyzed the effects of infusing
3-hydroxy-5-methyl-isoxazolepropionate (AMPA) re- pep2m on spontaneous miniature excitatory postsynap-
ceptors, whereas NMDA receptor surface expression tic currents (mEPSCs) in cultured hippocampal neurons.
in the same living cells was unchanged. In permeabil- We have also used an inducible adenoviral expression
ized neurons, the total amount of GluR2 immunoreac- system (AdTet-On) to transfect cultured hippocampal
tivity was unchanged, and a punctate distribution of neurons at high efficiency (Harding et al., 1997, 1998),
GluR2 was observed throughout the dendritic tree. in combination with a series of specific antibodies that
These data suggest that the NSF±GluR2 interaction is recognize extracellular epitopes on GluR2, GluR1±GluR4,
required for the surface expression of GluR2-con- and NR1 subunits in living neurons. These experiments
taining AMPA receptors and that disruption of the in- allowed us to visualize AMPA and NMDA receptors in
teraction leads to the functional elimination of AMPA living hippocampal neurons expressing pep2m and
receptors at synapses. pep4c.
Our data show that, first, infusion of pep2m but not
pep4c decreased the frequency of AMPA receptor±medi-Introduction
ated spontaneous mEPSCs (AMPA-mEPSCs), whereas
pharmacologically isolated NMDA receptor±mediatedMost mature glutamatergic synapses contain a-amino-
spontaneous mEPSCs (NMDA-mEPSCs) were not al-3-hydroxy-5-methyl-isoxazolepropionate- (AMPA-) and
tered. Second, neuronal expression of pep2m but notN-methyl-D-aspartate- (NMDA-) type ionotropic recep-
pep4c using the AdTet-On-regulatable virus dramati-tors. AMPA receptors make up heteromeric assemblies
cally reduced the surface expression of AMPA receptorsof the subunits GluR1±GluR4, with a majority containing
and nearly completely prevented GluR2 surface expres-the edited GluR2 subunit, which makes them relatively
sion in living hippocampal neurons. The surface expres-
Ca21-impermeant (Burnashev et al., 1992). NMDA recep-
sion of NMDA receptors was unaffected by this treat-
tors are also heteromeric assemblies that contain an
ment. Third, in contrast, in permeabilized neurons, the
total amount of GluR2 immunoreactivity was similar in
neurons expressing pep2m and pep4c, and a punctate§ To whom correspondence should be addressed (e-mail: j.m.
henley@bris.ac.uk). dendritic distribution was observed in both conditions.
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Figure 1. Effects of Pep2m and Pep4c on
AMPA-mEPSCs
(a) Consecutive current traces expanded
from the representative compressed current
trace shown below. Pep2m was present in
the patch-pipette throughout the experiment,
and the traces commence at the point of ob-
taining the whole-cell recording. Downward
deflections of the current trace indicate
mEPSCs. The series resistance tests have
been blanked.
(b) Frequency±time plot of the same data
showing reduction in frequency over time (1 s
bin). The series resistance values are plotted
below.
(c) Cumulative probability plots of inter-
AMPA-mEPSC intervals within the 0±5 min
(squares) and 33±43 min (open circles) peri-
ods after going whole-cell in the same experi-
ment as in (a) and (b). The mean intervals
are 0.38 6 0.01 s (784 AMPA-mEPSCs) and
2.24 6 0.14 s (267 AMPA-mEPSCs), respec-
tively (p , 0.001).
(d) Cumulative probability plots of the ampli-
tude of the same mEPSCs as in (c). The mean
values are 214.4 6 0.3 pA and 214.0 6 0.5
pA, respectively (p . 0.4).
(e) Representative cumulative probability
plots of inter-mEPSC intervals between 0 and
5 min (squares) and 25 and 30 min (open cir-
cles) after going whole-cell and introduction
of the pep4c control peptide. The mean val-
ues are 0.77 6 0.05 s (384 AMPA-mEPSCs)
and 0.75 6 0.04 s (396 AMPA-mEPSCs), re-
spectively (p . 0.7).
(f) Representative cumulative probability
plots of the amplitude of the same AMPA-
mEPSCs as in (e). The mean values are
216.0 6 0.6 pA and 217.7 6 0.8 pA, respec-
tively (p . 0.1).
These results suggest that the NSF±GluR2 interaction tetrodotoxin (TTX) is greatly reduced by infusion of
pep2m. At 25±30 min after patching the cell, the fre-is important for surface expression of AMPA receptors
in the postsynaptic membrane. While the molecular quency was reduced to 28% 6 12% of the frequency
recorded from 0 to 5 min after patching the cell (n 5mechanisms by which NSF exerts this regulation remain
speculative, one strong possibility is that NSF is critical 4, p , 0.005). There was no significant effect on the
amplitude of AMPA-mEPSCs (actual mean values 5for a priming step in the receptor cycle that is required
for receptor reinsertion and/or stabilization at the post- 213.2 6 0.7 pA from 0 to 5 min and 213.6 6 0.1 pA
from 25 to 30 min; n 5 4, p . 0.6). A representativesynaptic membrane.
experiment is shown in Figure 1 pooled data are shown
in Figure 2. In the example experiment shown in FigureResults
1a, the mEPSC rise time (excluding dual events) in-
creased from 1.1 6 0.1 ms (706 AMPA-mEPSCs) be-Disruption of the NSF±GluR2 Interaction
Reduces AMPA-mEPSC Frequency tween 0 and 5 min to 1.5 6 0.1 ms (207 AMPA-mEPSCs)
between 33 and 43 min (p , 0.001). This is consistentWe have shown previously that infusion of the pep2m
peptide (amino acid sequence KRMKVAKNAQ) into cul- with peptide diffusion down the dendrites causing the
complete elimination of functional AMPA receptor re-tured hippocampal neurons reduced the current re-
sponse to locally applied AMPA, whereas infusion of sponses at proximal synapses before more distal syn-
apses. Infusion of the control peptide (pep4c) had nopep4c, which has only a one residue difference (amino
acid sequence KRMKVAKSAQ), had no effect (Nishi- significant effect on the frequency or the amplitude of
AMPA-mEPSCs. At 25±30 min, the frequency wasmune et al., 1998). Here, we demonstrate that the fre-
quency of AMPA-mEPSCs recorded in the presence of 105% 6 4% of the frequency recorded at 0±5 min (n 5
AMPA Receptor Distribution Is Regulated by NSF
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Figure 2. Average Cumulative Probability
Plots of the Data for Pep2m and Pep4c/Pep2s
The pooled experiments are as shown for the
individual examples given in Figure 1.
(a) Average cumulative probability plot of
AMPA-mEPSC interval from samples of 150
AMPA-mEPSCs taken at the beginning of the
experiment (from t 5 0) and 150 AMPA-
mEPSCs taken after 25 min of recording. The
distributions were normalized to the median
of the AMPA-mEPSC intervals from the be-
ginning of the experiment. Average of four
experiments with pep2m in the recording pi-
pette solution.
(b) Average cumulative probability plot of
mEPSC amplitude for the same data as in
(a). The distributions were normalized to the
median of the AMPA-mEPSC amplitudes
from the beginning of the experiment.
(c and d) Equivalent plot for the control pep-
tides (pep4c and pep2s) (n 5 5).
5, p . 0.5). The recorded amplitudes were -16.9 6 2.8 to measure accurately the NMDA-mEPSC frequency.
To circumvent this problem, we calculated the chargepA from 0 to 5 min and 216.0 6 2.1 pA from 25 to 30
min (n 5 5, p . 0.5). transfer above a fixed threshold on the current trace
(see Experimental Procedures). Using this technique,To further characterize the specificity of the effect of
the pep2m peptide on AMPA receptors, we repeated the the mean charge transfer mediated by NMDA-mEPSCs
was 2.2 6 0.1 pC/s21 from 0 to 5 min after patching thesame infusion experiments on NMDA-mEPSCs. Unlike
AMPA-mEPSCs, NMDA-mEPSCs have very slow kinet- cell and 2.3 6 0.1 pC/s21 at 25 to 30 min (Figure 3c; n 5
5, p . 0.25). All synaptic events were blocked by additionics (Figure 3a; Gomperts et al., 1999), making it difficult
Figure 3. Effects of Pep2m and Pep4c on
NMDA-mEPSCs
(a) Consecutive current traces expanded
from a representative compressed current
trace shown below. Pep2m was infused in the
neuron from the beginning of the recording.
Downward deflections of the current trace
indicate NMDA-mEPSCs. The series resis-
tance tests have been blanked.
(b) Charge transfer±time plot of the same ex-
periment (summed over 1 s bin). The mean
charge transfer was 2.3 6 0.1 pC/s21, 0±5 min
and 2.1 6 0.1 pC.min-1, 24±29 min (p . 0.05).
The series resistances, tested every 20 s, are
plotted below.
(c) Averaged time plot of NMDA-mEPSC
charge transfer summed over 1 min periods
(n 5 5 experiments, p . 0.25).
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Figure 4. Colocalization of GluR2 with GluR1±
GluR4 and Synaptophysin
(a) Colocalization of GluR2 (red) and GluR1±
GluR4 (green) immunoreactivity on living hip-
pocampal neurons. Areas of colocalization
are shown in yellow in this figure and subse-
quent panels. The individual immunoreactiv-
ity for GluR2 and GluR1±GluR4 in the region
highlighted in the box is shown in the side
panels.
(b) Colocalization of GluR2 (red) on living hip-
pocampal neurons and synaptophysin (green)
on the same neurons following permeabiliza-
tion. Scale bars, 5 mm.
of 50 mM D(2)-2-amino-5-phosphonopentanoic acid compared with that of synaptophysin, a well-character-
ized synaptic marker, following permeabilization. All of(AP5) in the perfusing solution.
the surface-expressed GluR2 immunoreactivity colocal-
ized with synaptophysin, indicating that these GluR2-
GluR2 Colocalization with GluR1±GluR4 containing receptors were exclusively localized at syn-
and Synaptophysin apses in our cultures. Some synaptophysin-positive,
We used a GluR1±GluR4 antibody (Nusser et al., 1998) GluR2-negative puncta were also observed (Figure 4b).
to investigate the distribution of all AMPA receptors on
the surface of living hippocampal neurons. By compar-
ing the surface distribution of receptors labeled with the Inducible Adenovirus Transfection of Cultured
Hippocampal NeuronsGluR1±GluR4 antibody with the distribution of receptors
labeled with a GluR2-specific monoclonal antibody, we Because it has proved difficult to reliably and efficiently
transfect exogenous DNA into cultured neurons usingestimated the proportion of AMPA receptor clusters that
contain the GluR2 subunit on living neurons. In our conventional techniques, we used an AdTet-On-induc-
ible adenovirus (Harding et al., 1997, 1998) as a delivery2-week-old hippocampal cultures, 90% 6 4% (n 5 5,
415 puncta) of surface-expressed AMPA receptor ag- system for expressing the pep2m and pep4c peptides in
cultured hippocampal neurons. In a series of preliminarygregates contained the GluR2 subunit (Figure 4a).
The distribution of GluR2 on living neurons was also experiments to qualitatively assess the efficiency of
AMPA Receptor Distribution Is Regulated by NSF
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Figure 5. Effects of Viral Expression of Pep2m and Pep4c on the Surface Expression of GluR2 and GluR1±GluR4 Subunits in Living Hippocampal
Neurons
(a) Representative pseudocolored image of an EGFP-transfected hippocampal neuron.
(b) Representative image of a pep2m flag transfected neuron.
(c) Colocalization of GluR2 (red) and GluR1±GluR4 (green) immunoreactivity on living hippocampal neurons expressing pep4c 16 hr after
activation of the adenovirus.
(d) Colocalization of GluR2 (red) and GluR1±GluR4 (green) immunoreactivity on living hippocampal neurons expressing pep2m 16 hr after
activation of the adenovirus. Scale bars, 5 mm.
transfection using this approach, we used the AdTet-On both antibodies was highly colocalized (Figure 5c) and
displayed a punctate distribution characteristic of syn-adenoviral vector system, which contains an enhanced
green fluorescent protein (EGFP) sequence, to visualize aptic connections. A few puncta were observed that
did not contain detectable levels of GluR2. In markedtransfected cells (Figure 5a). Consistent with previous
reports using this inducible viral system in hippocampal contrast, in living hippocampal neurons expressing
pep2m, the surface expression of AMPA receptors wascell cultures (Harding et al., 1997), our cells were infected
at very high efficiency, with essentially all neurons ex- greatly reduced (Figures 5d and 7).
We used an antibody that recognizes the N-terminalpressing high levels of EGFP (see Experimental Proce-
dures). In addition, we constructed an AdTet-On-induc- extracellular domain of the NR1 subunit to determine
whether interfering with AMPA receptor surface expres-ible adenovirus containing a flag-tagged version of pep2m.
Immunocytochemistry of virally transfected neurons 16 sion alters the expression of NMDA receptors at the
same synapses. In live hippocampal neurons expressinghr after addition of doxycyclin showed robust flag stain-
ing throughout the cell (Figure 5b). pep4c, the surface distribution of NR1 subunits showed
a punctate distribution that was largely colocalized with
GluR2 clusters (Figure 6a). There was no discernibleBlocking the NSF Interaction with GluR2 Reduces
Surface Expression of GluR2-Containing AMPA difference in the surface distribution of NMDA puncta
between neurons expressing pep2m or pep4c (Figure 6).Receptors but Not NMDA Receptors
We investigated the effects of expressing pep2m or However, in the same cells, the AMPA receptor surface
expression was dramatically reduced by expression ofpep4c on the surface localization of AMPA receptors in
living hippocampal neurons. We determined the surface pep2m but not pep4c (Figure 6).
Since the surface expression of NMDA receptors wasexpression of all AMPA receptor assemblies using the
GluR1±GluR4 antibody, and, in the same cells, GluR2- unchanged in pep2m- compared with pep4c-expressing
neurons, we used surface NMDA receptors as a refer-containing AMPA receptors were visualized with the
N-terminal directed monoclonal antibody (Figures 5c ence point to calculate the percentage of the loss of
surface-expressed AMPA receptors. In living neuronsand 5d). Consistent with data collected from cells that
were not transfected with virus (Figure 4), in cells ex- expressing pep4c, 78% 6 4% of NR1 puncta colocalized
with GluR2 (n 5 5 fields, 274 puncta), whereas in neuronspressing the inactive pep4c, the immunostaining for
Neuron
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Figure 6. Surface Distribution of GluR2 and
NR1 in Living Neurons Expressing Pep2m
and Pep4c
(a) Colocalization of GluR2 (red) and NR1
(green) immunoreactivity on living hippocam-
pal neurons expressing pep4c. The individual
immunoreactivity for GluR2 and NR1 in the
region highlighted in the box are shown in the
small panels.
(b) Surface-expressed NR1 (green) immuno-
reactivity on living hippocampal neurons ex-
pressing pep2m. There is essentially no
GluR2 surface expression. Scale bars, 5 mm.
expressing pep2m, only 10% 6 6% of NR1 puncta colo- reduced. Neither surface expression nor total amount
of NR1 immunoreactivity was affected by expression ofcalized with GluR2 puncta (n 5 13 fields, 990 puncta).
We further quantified the effect of pep2m expression pep2m.
by immunocytochemistry on populations of neurons us-
ing an ELISA-based assay. We measured the levels of
surface-expressed and total immunoreactivity for the Blocking the NSF Interaction with GluR2 Does
Not Prevent Intradendritic ClusteringGluR1±GluR4 and NR1 antibodies on paraformalde-
hyde-fixed neurons. Since this approach was not possi- of AMPA Receptors
Given that total levels of AMPA receptor immunoreactiv-ble with the GluR2 antibody, because it did not work on
paraformaldehyde-fixed cells, we used a GluR1-specific ity are not changed by expression of pep2m, we investi-
gated more closely the distribution of GluR2 immunore-polyclonal antibody (Molnar et al., 1993). Anti-GluR1 an-
tibody gave the same results as anti-GluR1±GluR4 (data activity in fixed permeabilized neurons. Similar levels of
GluR2 were detected in the dendrites of permeabilizednot shown). The total amount of AMPA receptors was
unchanged by expression of pep2m (Figure 7), but the neurons in which either pep2m or pep4c was expressed
(Figure 8). Indeed, in pep2m-expressing neurons, AMPAproportion that were surface expressed was markedly
AMPA Receptor Distribution Is Regulated by NSF
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To investigate whether the intradendritic AMPA recep-
tor clusters were located at synapses, we studied the
colocalization of GluR2 and synaptophysin in pep2m-
and pep4c-expressing neurons. As shown in Figure 9,
in pep4c-expressing cells, there was a large degree of
colocalization, but in pep2m-expressing neurons, little
colocalization was detected. Thus, in pep2m-express-
ing neurons, GluR2-containing AMPA receptors re-
mained in intradendritic compartments but appeared to
be excluded from dendritic spines.
Discussion
Here, we demonstrate in cultured hippocampal neurons
that, first, infusion of pep2m, which prevents the interac-
tion between NSF and GluR2, decreases the frequency
of AMPA-mEPSCs but has no effect on NMDA-mEPSCs,
and second, viral expression of pep2m removes most
surface-expressed GluR2-containing AMPA receptors
but does not change the distribution of NR1-contain-
ing NMDA receptors. Consistent with previous findings
(Nishimune et al., 1998, but see Song et al., 1998; for
review, see Lin and Sheng, 1998), the control pep4c
peptide, which has only a one residue difference from
the pep2m sequence (Asn to Ser), had no effect on either
mEPSCs or GluR2 surface expression.
Electrophysiological Characterization of Neurons
Infused with Pep2m or Pep4c
Figure 7. Surface-Expressed and Total AMPA and NR1 Immunore-
As we observed that pep2m reduced AMPA-mEPSCactivity in Pep2m- and Pep4c-Expressing Neurons
frequency without any significant effect on amplitude,
(a) Summary of pooled data from confocal imaging experiments
one possibility that had to be considered was thaton neurons expressing pep4c (open columns) and pep2m (closed
pep2m was working presynaptically. Since the peptidescolumns). The only statistically significant difference between neu-
rons expressing pep2m and pep4c or control nontransfected neu- were introduced in the postsynaptic neuron via the
rons (striped columns) was measured on the frequency of AMPA patch-pipette, this would necessitate that the peptide
receptor clusters (asterisk) (p , 0.001). could be rapidly released from the postsynaptic neuron
(b) Quantification of total and surface-expressed AMPA and NMDA and taken up into the presynaptic terminals in an active
receptor immunoreactivity on paraformaldehyde-fixed pep4c (open
form that could somehow affect neurotransmitter re-columns) and pep2m (closed columns) expressing cultured hippo-
lease or, alternatively, that z70% of AMPA-mEPSCscampal neurons using cellular ELISA. Values for the GluR1 antibody
originate from autaptic connections and that the peptidewere not significantly different from values obtained with GluR1±
GluR4 antibody and are not included in the graph. The mean values diffusing to autaptic presynaptic terminals could alter
for AMPA receptor surface expression in pep2m-expressing cells neurotransmitter release. These possibilities can be dis-
were significantly lower (p , 0.0001; n 5 3) than in pep4c-expressing counted, because NMDA-mEPSCs are not affected by
cells (asterisk). In pep2m-and pep4c-expressing cells, there was no postsynaptic infusion of pep2m. Thus, the effects ob-
significant difference in the NR1 surface expression (p . 0.05, n 5
served on AMPA-mEPSCs must be due to postsynaptic3). The surface immunoreactivity for NR1 and AMPA receptors was
actions of the peptide. The most plausible explanationexpressed as the percentage of the total immunoreactivity in cells
for our data is that disruption of the NSF±GluR2 interac-expressing the same peptide (Surface AMPA, Surface NR1). There
was no significant difference in the total NR1 or AMPA receptor cell tion can lead to the specific elimination of functional
immunoreactivity in pep2m-expressing cells when compared with AMPA receptors from synapses. The lack of effect of
the total cell immunoreactivity in control pep4c-expressing cells pep2m on NMDA-mEPSCs confirms the specificity of
(Total AMPA, Total NR1) (p . 0.05). action on AMPA receptors. Furthermore, the absence
of changes on the AMPA-mEPSC amplitude suggests
that the mechanism by which AMPA receptors are re-
receptors retained a highly punctate dendritic distribu- moved from the postsynaptic membrane is acting signif-
tion (pep2m: n 5 7, 29 fields mapped; pep4c: n 5 7, 17 icantly faster than the frequency of the occurrence of
fields mapped). In an additional series of experiments, mEPSCs at any synapse. Note that although there is a
the distribution of AMPA receptors on the surface of relatively high frequency of AMPA-mEPSCs (z1±2 Hz),
living neurons was compared with the total distribution the average frequency at any given synapse would be
in the same cells following fixing and permeabilization much lower than this (1000-fold less for a cell with 1000
(see Richmond et al., 1996). In individual pep2m-express- synapses). The decrease in the frequency of the mEPSCs
ing cells, few surface puncta were present, but following is consistent with the immunolocalization results show-
fixation and permeabilization, high levels of intradentritic ing that expression of pep2m produces a marked de-
clusters were observed (pep4c: n 5 3, 16 fields mapped; crease in the number of clusters but that the ones that
remain are relatively unchanged.pep2m: 12 fields mapped [Figure 8]).
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Figure 8. Effects of Viral Expression of Pep2m and Pep4c on Surface Distribution of GluR1±GluR4 Subunits and Total Distribution of GluR2
Subunits in Hippocampal Neurons
(a) Surface immunoreactivity of GluR1±GluR4 in pep4c-expressing neurons.
(b) Total distribution of GluR2 immunoreactivity in pep4c-expressing neurons.
(c) Overlay image of (a) and (b).
(d) Transmission image of the same cell.
(e) Surface immunoreactivity of GluR1±GluR4 in pep2m-expressing neurons.
(f) Total distribution of GluR2 immunoreactivity in pep2m-expressing neurons.
(g) Overlay of (e) and (f).
(h) Transmission image of the same cell.
Scale bars, 5 mm.
Our observations on mEPSCs differ from those in a have used antibodies (anti-GluR2, anti-GluR1±GluR4,
anti-GluR1, and anti-NR1) that recognize extracellularrecent report suggesting a change in mEPSC amplitude
when NSF±GluR2 interaction was disrupted (Song et al., epitopes and can be used on living neurons. Consistent
with previous studies on living hippocampal neurons1998). This discrepancy is difficult to explain but could
be due to differences in experimental techniques; for (Richmond et al., 1996; Liao et al., 1999), our cultured
hippocampal neurons showed a highly punctate sur-example, Song et al. (1998) used embryonic cultures
and added an NMDA receptor antagonist to the culture face distribution of AMPA receptors. The majority of the
puncta that were observed with the anti-GluR1±GluR4medium. These authors also evoked mEPSCs by local
puffs of hyperosmotic solution and used a 20-fold higher antibody were also labeled by the anti-GluR2 antibody
concentration of peptide. (z90%). This demonstrates that a large majority of syn-
apses that express AMPA receptors express the GluR2
subunit. All GluR2 immunoreactivity was colocalizedSurface Distribution of Glutamate Receptors
on Hippocampal Neurons with synaptophysin, indicating the absence of surface-
expressed, extrasynaptic, GluR2-containing AMPA re-To investigate the regulation by the NSF-dependent
mechanism of the surface expression of receptors, we ceptor clusters. However, synaptophysin staining was
AMPA Receptor Distribution Is Regulated by NSF
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Figure 9. Synaptic Distribution of AMPA Receptors in Pep2m- and Pep4c-Expressing Neurons
Colocalization of GluR1±GluR4 (green) and synaptophysin (red) immunoreactivity on permeabilized neurons expressing pep4c (a) and pep2m
(b). Scale bars, 5 mm.
not exclusively colocalized with GluR2 immunoreactivity. cultured hippocampal neurons that reported that 50%±
70% of AMPA receptors were surface expressed (HallThese synaptophysin-positive, GluR2-negative puncta
probably represent GABAergic synapses or glutamater- and Soderling, 1997).
It is unlikely that the loss of surface-expressed AMPAgic synapses that do not contain surface-expressed
GluR2-containing AMPA receptors. receptors results from inhibition of GluR synthesis and/
or trafficking, since this is inconsistent with the rapidIn agreement with previous reports on hippocampal
neurons (Benke et al., 1993; Allison et al., 1998; Rao et action (timescale of minutes) of pep2m in the electro-
physiological experiments (Figure 1; see also Nishimuneal., 1998; Liao et al., 1999), immunostaining with the N-ter-
minal directed NR1 antibody of living neurons yielded et al., 1998). Furthermore, the total cellular expression
of AMPA receptors, measured by cell ELISA (Figure 7)a highly punctate distribution of NMDA receptors (Figure
6). In the present study, most of the NR1 puncta colo- or Western blots (data not shown), was not affected 16
hr after induction of expression of pep2m or pep4c bycalized with GluR2 immunoreactivity, indicating that the
majority of synapses contain both NMDA and AMPA addition of doxycyclin. The metabolic half-life of AMPA
receptors in cultured neurons has been reported to bereceptors.
16±30 hr (Mammen et al., 1997; Archibald et al., 1998;
Huh and Wenthold, 1999), so a decrease in the totalPep2m Reduces Surface Expression of
GluR2-containing AMPA Receptors but Not receptor levels should have been detected if the reduc-
tion of surface expression of AMPA receptors resultedNMDA Receptors on Hippocampal Neurons
With both confocal imaging and cell ELISA quantitation from pep2m blockade of receptor synthesis.
It has been reported previously that GluR2 knockouttechniques, pep2m-expressing neurons showed a dra-
matic decrease in the amount of surface-expressed mice express functional AMPA receptors (Jia et al.,
1996). Therefore, mechanisms other than the GluR2±AMPA receptors compared with nontransfected and
pep4c-expressing neurons. NR1 subunit surface ex- NSF interaction must be available to regulate the surface
expression of AMPA receptors. Based on our data, how-pression was not decreased in pep2m-expressing cells.
Using quantitative cell ELISA (Figure 7), we determined ever, it would seem that when the GluR2 subunit is
present in the AMPA receptor complex, the NSF±depen-that z60% of total AMPA receptors were surface ex-
pressed in pep4c-expressing and control nontrans- dent mechanism takes precedence.
A punctate distribution of GluR2 immunoreactivityfected neurons. These data are consistent with previous
proteolysis, cross-linking, and biotinylation studies on throughout the dendrites was observed in the pep2m-
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the hCMV promoter. Recombinant virus was generated by homolo-and pep4c-expressing neurons. Dual labeling of GluR2
gous recombination between the transfer vector pDE1sp1A±TREand synaptophysin revealed a high degree of colocaliza-
and pJM17 (a vector containing most of the AD-5 genome) followingtion in pep4c-expressing neurons. In pep2m-expressing
transfection of HEK 293 cells (a trans-complementing cell line for
neurons, much less colocalization was seen, consistent E1 function; Graham et al., 1977). After recombination, the size of
with the presence of aggregates of intradendritic GluR2- the viral genome was reduced below the packaging limit of the Ad
particle, and hence, only recombinant virus is capable of generatingcontaining AMPA receptors close to but not at the syn-
plaques. The resultant Ad suspension was purified further by cesiumapses.
chloride density centrifugation. Viral stock titers were determinedThe NR1 labeling provides a good control for the spec-
by plaque assay and were 5 3 109 pfu.ml-1 for the pep2m and pep4cificity of action of NSF on AMPA receptors, since the
viruses and 1 3 1010 pfu.ml-1 for the Tet-On virus. Aliquots, 10 ml for
punctate distribution and the amount of NR1 on the pep2m and pep4c and 5 ml of Tet-On virus stock solutions, were
surface of neurons were not affected by pep2m expres- added to each cell culture dish. Doxycycline was added 24 hr after
the initial transfection to allow for cell recovery. Cells were used forsion. Furthermore, the total expression of NR1 was not
antibody labeling and confocal imaging 16 hr after induction.significantly different in neurons expressing pep2m and
pep4c. These results show that the surface expression
Electrophysiologyof AMPA and NMDA receptors, although present in the
Recordings of mEPSCs were obtained at room temperature fromsame synapse, are independently regulated.
cultured neurons with an Axopatch 1-D amplifier. Neurons wereTherefore, based on these findings and the known
continuously superfused with control solution (z2 ml.min-1) con-
properties of NSF (Rothman, 1994; Lin and Sheng, 1998), taining NaCl, 119 mM; KCl, 5 mM; CaCl2, 2 mM; MgCl2, 2 mM; HEPES,
we favor a model in which the interaction between NSF 25 mM; glucose, 30 mM; picrotoxin, 0.1 mM; glycine, 1 mM; and
TTX, 0.5 mM (pH 7.4, 305 mOsm). Electrode-filling solution containedand GluR2 is involved in the part of the cycling process
(in mM): Cs methanesulfonate, 130; HEPES, 20; EGTA, 0.5; NaCl, 8;that is necessary for the insertion and/or stabilization
Qx-314Br, 5; Mg ATP, 4; and Na GTP, 0.3 (pH 7.2). The intracellularof AMPA receptors at the postsynaptic membrane. By
solution also contained the protease inhibitors bestatin, leupeptin,analogy with its known presynaptic functions, NSF could
and pepstatin-A (all at 100 mM) and 100 mM of either the pep2m
act at the AMPA receptor complex by stripping the re- (KRMKVAKNAQ), pep4c (KRMKVAKSAQ), or pep2s (a scrambled
ceptors of associated proteins. Candidate proteins in- version of GluR2; VRKKNMAKQA) 10 amino acid peptide. For
NMDA-mEPSCs, the neurons were locally perfused with Mg21-freeteracting with GluR2 include the PDZ-containing pro-
control solution containing 3 mM Ca21 and 5 mM NBQX. Local perfu-teins GRIP (Dong et al., 1997), ABP (Srivastava et al.,
sion of the same solution containing 50 mM AP5 blocked all synaptic1998), and PICK1 (Dev et al., 1999; Xia et al., 1999).
events. Input and series resistances were monitored throughout theRemoval of associated proteins could prime or ªresetº
experiment. Holding potentials of 260 or 270 mV were used. The
the AMPA receptor complex to a naive state, thereby presence of autaptic connections was tested for at the start of the
allowing insertion into the postsynaptic membrane (Lin recording period with a .1 s depolarization to 0 mV; no functional
autapses were found. The current traces were filtered at 2 kHz,and Sheng, 1998). If the action of NSF is prevented, for
sampled at 5 kHz, and stored on a PC computer for further analysis.example, by peptide block, the receptors cannot be
For AMPA-mEPSC detection, a threshold was set on the first deriva-appropriately processed, and insertion/reinsertion of
tive of the current trace at three times the standard deviation of thethe reconfigured receptors into the postsynaptic mem-
background noise, calculated in a portion of the recording without
brane cannot occur. apparent event. For the detection of NMDA-mEPSCs, the threshold
on the first derivative was set at the standard deviation of the back-
ground noise calculated on a period of the recording without anyExperimental Procedures
apparent event (in the presence of 50 mM AP5 and/or 2 mM MgCl
in the perfusion solution). Data are expressed as mean 6 SEM, andHippocampal Cell Cultures
the Student's t test was used for statistical analysis.Hippocampal cultures were prepared as previously described
(Malgaroli and Tsien, 1992; Richmond et al., 1996). Briefly, the CA3±
CA1 region of the hippocampus from 3- to 5-day-old rats was dis- Immunocytochemistry and Antibody Production
sected, and the neurons were recovered by enzymatic digestion NR1a-g antibody was raised in rabbit against a synthetic peptide
with trypsin and mechanical dissociation. Cells were then plated at (CTGPNDTSPGSPRHT) corresponding to amino acids 436±450. For
a density of z50,000 per dish onto 22 mm glass coverslips coated immunization, the NR1(436±450) peptide was coupled to mercapto-
with polyornithine and matrigel (Collaborative Research) in 35 mm succinylated ovalbumin carrier protein via the N-terminal cysteine
petri dishes. Cultures were maintained at 378C in a 95% O2, 5% of the peptide that was conjugated to 5-thio-2-nitrobenzoic acid
CO2±humidified incubator. The culture media were composed of prior to coupling. The ovalbumin-coupled peptide antigens were
minimal essential medium (Gibco); glucose, 30 mM; glutamine, 2 coadsorbed with an adjuvant peptide to colloidal gold particles (100
mM; HEPES, 15 mM; bovine transferrin, 100 mg/ml-1; and insulin, 30 nm) as previously described (Molnar et al., 1995). Immunoaffinity
mg/ml-1, complemented with fetal calf serum (5%±10%). From the purification of NR1a-g antibody was performed as previously de-
second day in culture, the media were supplemented with cytosine- scribed for anti-GluR1 antibodies (Molnar et al., 1993) except that
b-D-arabinofuranoside (2.5 mM). Neurons were used for experiments 5 mg of the synthetic peptide was coupled to activated thiopropyl
14±30 days after plating. Sepharose-4B (Pharmacia). While untransfected HEK 293 cells
showed no specific staining, cells transiently transfected with NR1/
NR2a showed specific surface staining with the NR1 antibody (E. M.Preparation of Adenoviral Constructs
The AdTet-On constitutes the AdTRE vector, driving a transgene, et al., unpublished data).
For immunofluorescence experiments with live hippocampal neu-and the AdrtTA vector, driving expression of the reverse Tet trans-
activator (rtTA or Tet-On transactivator) system. Recombinant, E1- rons, the culture medium was replaced by a HEPES-based saline
(HBS) similar to the one used for electrophysiology with 5% dialyseddeleted, adenoviral constructs were made by standard techniques.
Briefly, the oligonucleotides encoding pep2m, pep4c, or a flag- bovine serum albumin (BSA). Cells were incubated live with mono-
clonal antibody to the GluR2 N-terminal domain (Chemicon; MABtagged version of pep2m (pep2m flag; amino acid sequence
KRMKVAKNAQDYKDDDDK) were inserted into the multiple cloning 397, 100 mg/ml-1) and rabbit polyclonal antibody to GluR1±GluR4,
which reacts with the conserved extracellular loop regions of allsite of the plasmid pDE1sp1A (Microbix Biosystems) downstream
from the Tet-responsive element (TRE) and minimal promoter. The four GluR1±GluR4 subunits (100 mg/ml-1), or with rabbit polyclonal
antibody to the NR1 N-terminal extracellular domain (100 mg/ml-1) fortransactivator rtTA was cloned into pXCXCMV under the control of
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1 hr at 208C. Following washing, the cells were fixed with methanol at peroxidase activity. Cultures were incubated with blocking solution
(5% fetal bovine serum, 1% BSA in PBS) in the presence and ab-2208C for 5 min. For total GluR1±GluR4 or GluR2 immunolocaliza-
tion, cells were fixed and permeabilized with methanol before addi- sence of 1% Triton X-100 for 30 min at 258C, and then with primary
antibodies (1 mg/ml in blocking solution) for 1 hr at 258C. Rabbittion of the appropriate primary antibody. For synaptic localization
experiments, methanol-fixed and -permeabilized cells were incu- polyclonal antibodies raised against the extracellular epitopes of
GluR1±GluR4 (Nusser et al., 1998), GluR1 (Molnar et al., 1993; Rich-bated with rabbit polyclonal antibody to synaptophysin (Biogenesis;
57 mg/ml-1). For visualization of surface and intracellular receptors mond et al., 1996), and NR1 (Molnar et al., 1995) were used for the
quantitation of total and cell surface±expressed AMPA and NMDAin individual neurons, live neurons were incubated with GluR1±GluR4
antibody (100 mg/ml-1) for 1 hr at 208C. The cells were then washed receptor proteins. The addition of 1% Triton X-100 was omitted
for detection of surface-expressed receptor proteins. Cells werewith HBS, fixed with 2208C methanol for 5 min, and then incubated
with GluR2 antibody (100 mg/ml-1) for 1 hr at 208C. Expression of washed three times with blocking solution, incubated with anti-
rabbit peroxidase-conjugated secondary antibody (1:3000 dilutionthe viral peptide was detected with anti-flag monoclonal antibody
(Sigma). The appropriate fluorochrome-conjugated secondary anti- in blocking solution) for 1 hr at 258C, and washed four times in PBS.
Samples in each well were incubated with 0.8 ml of K-Blue Substratebody (Molecular Probes, Oregon green 488 goat anti-rabbit IgG
antibody, 2±20 mg/ml-1; Jackson ImmunoResearch, Texas red goat (Neogen) for 10 min, after which the colored reaction end product
was transferred from the plates into microfuge tubes containing 0.2anti-mouse IgG antibody, 10 mg/ml-1) in HBS with 5% BSA and 0.2%
goat serum was then applied for 2 hr at 208C. Coverslips were ml 1 M HCl to stop the reaction. The optical density of samples was
determined at 450 nm. Control experiments with preimmune serummounted in Vectashield mounting medium (Vector laboratories,
Bretton, England). For each experiment, two sets of dishes from the or plates without hippocampal cells were included routinely to deter-
mine background value, which was subtracted from the OD450 read-same batch of cells were transfected with pep2m and pep4c and
were immunostained in parallel. ings. After the incubation with K-Blue Substrate, cells were washed
four times in PBS and solubilized in 0.2 ml 0.5% SDS. Data fromImages were captured on a Leica TCS-NT confocal laser scanning
microscope attached to a DM RBE epifluorescence microscope GluR1 and GluR1±GluR4 N-terminal antibodies were not statistically
different. Protein concentration was determined with the Pierce BCA(Leica, Heidelberg, Germany). The 488 and 568 nm laser bands of
a Kr-Ar laser were used for dual dye excitation and FITC/TRITC Protein Assay kit using BSA as the standard. Each OD450 value of
the ELISA reaction was normalized to protein levels. For each experi-(fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate)
filters for fluorescence emission. There was no bleed through of ment, a minimum of three parallel samples was used.
fluorescence between the channels under the conditions used for
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